INTRODUCTION
In a communications system, the received signal is degraded by Inter Symbol Interference (ISI) introduced by the channel. The effects of IS1 can be mitigated by employing equalisation and the associated Bit Error Rate (BER) can be further reduced by using error correction schemes. However, when performing the equalisation and channel decoding independently, we cannot compensate for the performance loss due to the IS1 completely, even when soft decisions are passed from the equaliser to the channel decoder. Instead, by performing the channel equalisation and decoding jointly, as in the iterative turbo equalisation scheme proposed by Douillard et al. [l] , the residual IS1 can be substantially mitigated. Gertsman and Lodge [2] then showed that the iterative process of turbo equalisation can be exploited to compensate for the performance degradations due to imperfect channel estimation. Knickenberg et al. [3] subsequently proposed a non-iterative joint equalisation and decoding technique based on a supertrellis structure. This technique yielded an optimum performance, but it was restricted to incorporating simple interleavers due to the high complexity incurred in conjunction with interleavers.
Due to complexity reasons, early turbo equalisation investigations using the conventional trellis-based equaliser (CT-EQ) were constrained to applying Binary Pha-0-7803-7097-1/01/$10.00 02001 IEEE se Shift Keying (BPSK) and Quadrature Phase Shift Keying (QPSK) modulation schemes [2] . Furthermore, only a limited Channel Impulse Response (CIR) duration could be equalised since the computational complexity incurred by the CT-EQ is dependent on both the maximum CIR duration and on the modulation mode utilised. Hence, turbo equalisation research has been focused on developing reduced complexity equalisers, such as the low-complexity linear equaliser proposed by Glavieux et al. [4] and the Radial Basis Function RBF equaliser of Yee et al. [5] .
Motivated by these trends, we propose a novel reduced complexity trellis-based channel equaliser, referred to as the In-phase/Quadrature-phase Equaliser (I/Q-EQ), in the context of turbo equalisation invoking iterative channel estimation [6] for high throughput M-level Quadrature Amplitude Modulation (M-QAM) .
The performance of this reduced-complexity I/Q turbo equaliser (TEQ-IQ) is compared to that of the conventional turbo equaliser (TEQ-CT) benefiting from perfect CIR. The basic principle of the reduced complexity equaliser is based on equalising the in-phase (I) and quadrature-phase (Q) component of the transmitted signal independently. Therefore, the number of states for the in-phase and quadrature-phase trellisbased equaliser is reduced, when compared to the aforementioned CT-EQ. This issue will be made more explicit during our forthcoming discourse. 
PRINCIPLE OF I/Q EQUALISATION
When the modulated signal s ( t ) is transmitted over the channel characterised by the CIR h(t) and further corrupted by the zero-mean complex white Gaussian noise n(t) having a variance of c2 = N 0 / 2 , where No is the single-sided noise power spectral density, the received signal r(t) becomes: where since the CIR h(t) is complex and therefore consists of the I component hr ( t ) and Q component h~ (t) . Similarly, s l ( t ) and S Q ( t ) are the I and Q components of the transmitted signal s(t), as illustrated in Figure 1 , while n r ( t ) and nQ(t) are the quadrature components of the Gaussian noise n(t). As shown in Equation 2, the received I/Q signals, namely T I ( t ) and r~( t ) , become dependent on s~ ( t ) and S Q (~) after transmission over the complex channel. We refer to the inter-dependency between s r ( t ) and S Q ( t ) in the received quadrature signals r r ( t ) and T Q ( t ) as cross-coupling. This crosscoupling of the transmitted signal's quadrature components requires the receiver to consider an increased number of signal combinations, hence necessitating a high number of equaliser trellis states. However, we can reduce the number of states to be considered significantly, when the cross-coupling is removed such that the quadrature components of the decoupled channel output r '(t) 
I ( t ) and s Q ( t ) , to give r(T(t) and r b ( t ) ,
respectively. In this figure, it is-assumed that the CIR estimation is perfect, i.e. hl(t) = hr(t) and
hQ(t) = hQ(t) and that the transmitted signals are known, giving i r ( t ) = sr(t) and sQ(t) = S Q ( t ) .
In this case, perfect decoupling is achieved. However, in practice these estimates have to be generated at. the receiver.
the decoupling operation, when inaccurate symbol estimates are generated from the channel-impaired lowconfidence reliability values. However, as seen in the simulation results of Section VII, the imperfect decoupling effects are compensated through successive turbo equalization iterations and the performance approaches that of the turbo equalizer utilising the conventional trellis-based equalizer.
After the decoupling operation, the modified complex channel outputs, namely ?"r(t) and T ' Q ( t ) , respectively, can be viewed as the result of convolving both quadrature components independently with the complex CIR on each quadrature arm. Consequently, we can equalise s I ( t ) and S Q (~) independently, hence reducing the number of states in the trellis significantly. Again, note that in Equations 3 we have assumed that perfect signal regeneration and perfect decoupling is achieved at the receiver, in order to highlight the underlying principle of the reduced complexity equaliser.
The schematic of the reduced complexity equaliser using trellis-based equalisers is illustrated in Figure 5 .
SYSTEM OVERVIEW
The schematic of the entire system is shown in Figure  3 , where the transmitted source bits are convolutionally encoded, intedeaved and mapped t o a modulation symbol. The encoder utilised a ;-rate Recursive Sys- Kbauds and hence 6912-bit, 13824-bit and 20736-bit random channel interleavers were utilised for 4-QAM, 16-QAM and 64QAM, respectively. The transmission burst structure used in this system is the FMAl non-spread speech burst specified by the Pan-European FRAMES proposal [7] , which is shown in Figure 4 . A three-path, symbol-spaced fading CIR of equal weights was used, which can be expressed as:
where the Rayleigh fading statistics obeyed a normalised Doppler frequency of 3.3615 x lop5. In our investigations the fading magnitude and phase was kept constant for the duration of a transmission burst, a condition which we refer to as employing transmission burstinvariant fading. Figure 5 illustrates the schematic of the turbo equaliser utilising two reduced complexity I/Q-EQs. Since the Log-MAP algorithm [9] is employed in the I/Q-EQ and in the channel decoder blocks, the soft decisions generated are in the form of Log-Likelihood Ratios (LLRs). Here, we expressed the LLR of the equaliser and decoder using vector notations, according to the approach of is used to denote a channel deinterleaver. the receiver stage, where the equalisers are denoted as stage 0, while the channel decoder as stage 1.
At the receiver, the CIR was estimated using the Least Mean Square (LMS) algorithm [ll] and the training symbols of the transmission burst are shown in Figure 4 . The initial step-size of the LMS algorithm was set to 0.05. This initial CIR estimate was then utilised during the first turbo equalisation iteration by the conventional Decision Feedback Equaliser (DFE), as seen in Figure 5 . The reason for employing the DFE in the first turbo equalisation iteration was to provide soft decisions in the form of the LLR LE(0) to the channel decoder. Invoking the DFE at the first iteration constituted a low-complexity approach to providing initial estimates of the transmitted symbols, as compared to the more complex CT-EQ. Subsequently, the Soft-In/SoftOut (SISO) channel decoder of Figure 5 generates the a posteriori LLR Lt (1) and then the extrinsic information of the encoded bits, namely Ly(I) is extracted.
In the next iteration, the a posteriori LLR Li(1) is used to regenerate estimates of the I and Q components of the transmitted signal, namely s^l(t) and s^~( t ) , 
'l(t) and ?"Q(t).
After the decoupling operation, r'l(t) and T ' Q ( t ) are passed to the I/Q-EQ in the schematic of Figure 5 . In 0-7803-7097-1/01/$10.00 02001 IEEE addition to these received quadrature signals, the I/Q-EQ also processes the a priori information receivedwhich is constituted by the extrinsic LLRs L?(l) from the previous iteration -and generates the a posteriori information L$ (0). Subsequently, the combined channel and extrinsic information Li(0) is extracted from both I/Q-EQs in Figure 5 and combined, before being passed to the Log-MAP channel decoder. As in the first turbo equalisation iteration., the a posteriori and extrinsic information of the encoded bits, namely L; (1) and L!j (1), respectively, are evaluated. The following turbo equalisation iterations dso obey the same sequence of operations, until the iteration termination criterion is met.
SYSTEM COMPLEXITY
The complexity of the CT-EQ and that of the I/Q-EQ for square-constellation M-QAM systems is expressed here for the sake of simplicity in terms of the number of trellis transitions per information bit. For the CT-EQ, the complexity associated with equalising M-QAM signals transmitted over a complex channel having a delay spread of Td symbols is:
Number of states . Number of transitions
where R is the code rate. For one I/Q-EQ trellis stage, we have:
However, in order to evaluate the t o t d complexity of the turbo equaliser, which performs iterative equalisation and decoding jointly, we also have to consider the number of iterations It, which is a multiplicative complexity factor. The corresponding expressions for the total receiver complexity can therefore be formulated as:
where 2K is the number of transitions considered at each decoder trellis interval and K is the constraint length of the convolutional code. A factor '2' is included in Equation 7, since two I/Q-EQs are employed in the TEQ-IQ receiver. Note that in order to arrive at a relatively simple TEQ-IQ complexity expression, the DFE has been assumed to have the same complexity as that of the I/Q-EQ. 
ED. RESULTS AND DISCUSSION
Our investigations suggested that after two turbo equalisation iterations the performance of the TEQ-CT having perfect CIR information did not improve significantly, despite invoking further iterations. We used the term critical number of iterations, in order to denote the number iterations, which was two in this case. When employing the TEQ-IQ receiver using iterative CIR estimation, the performance obtained after four and five turbo equalisation iterations was similar, as shown in Figure 6 . Hence, the critical number of iterations performed by the TEQ-IQ receiver was four. The performance achieved by the TEQ-IQ using iterative CIR estimation after four iterations was also observed to be similar to that obtained by the TEQ-CT having perfect CIR information after two iterations in Figure 6 . Using Equations 6 and 7, the complexity of TEQ-IQ was found to be a factor 1.25 lower than that of the TEQ-CT. As a further set of results, Figure 7 displays the performance of the TEQ-CT receiver having perfect CIR information for 16-QAM transmitted over the Rayleigh fading channel of Equation 4. We found that the critical number of iterations was three, when employing the 16-&AM TEQ-CT receiver, while in Figure 7 the critical nuniber of iterations was six, when employing the 16-QAM TEQ-IQ using iterative CIR estimation over the sam.e channel. The performance achieved by the TEQ-IQ receiver after six iterations was observed to be similar to that obtained by the TEQ-CT receiver after three iterations in Figure 7 . Furthermore, the complexity of the TEQ-IQ was found to be a factor of 7.17 lower than that of the TEQ-CT. Examining the performance of our 64-QAM system over the same dispersive Rayleigh fading channel in Figure 8 , it was observed that the critical number of iterations was ten. After six turbo equalisation iterations the performance of the TEQ-IQ using iterative CIR estimation at BER = was only 1.5 dB from the decoding performance curve over the non-dispersive Gaussian channel, as shown in Figure 8 . Simulations could not be conducted for the 64-QAM TEQ-CT system, since the CT-EQ required 642 = 4096 states and 64 transitions per state, hence it was too complex to be implemented.
CONCLUSION
It was observed in Figures 6 and 7 , respectively, that the reduced complexity turbo equaliser, namely the TEQ-IQ scheme, employing two I/Q-EQs and iterative CIR estimation was capable of achieving the same performance as the significantly higher-complexity TEQ-CT scheme having perfect CIR information. Specifically, for 4-QAM and 16-QAM, a complexity reduction factor of 1.25 and 7.17 was obtained, respectively. For 64-QAM, we were unable to simulate the TEQ-CT due to the high number of trellis states required. However, for the TEQ-IQ receiver, the performance observed in Figure 8 at BER = was only 1.5 dB from the best-case decoding performance derived from the nondispersive Gaussian channel.
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